CdSe Quantum Dots (QDs) are increasingly being employed in both industrial applications and biological imaging, thanks to their numerous advantages over conventional organic and proteic fluorescent markers. On the other hand a growing concern has emerged that toxic elements from the QDs core would render the nanoparticles harmful to cell cultures, living animals and humans.
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Introduction
CdSe Quantum Dots (QDs) have been shown to be an innovative tool for biological labelling, due to their bright fluorescence, narrow emission, broad UV excitation, size-tunable emission (from the UV to the IR) and high photostability (Chan and Nie, 1998; Bruchez et al. 1998; Chan et al., 2002) .
Several groups have proposed the application of QDs to fluorescence imaging of single cells, subcellular structures and whole organs in in vitro and in vivo models (Ballou et al., 2004) . These applications are predicted to grow thanks to their numerous advantages over alternative biological labelling moieties (e.g. fluorescent dyes and radioisotopes) (Yang et al., 2011; Akerman et al., 2002; Dubertret et al., 2002; Larson et al. 2003) . As the popularity of QDs labelling soars, there is a growing concern that toxic elements of the QDs core (e.g. cadmium, selenium) would render the nanoparticles harmful to both cell cultures and live animals.
The available literature highlights that assessing QDs exposure routes and potential toxicity is not a simple matter because not all QDs are alike and toxicity depends upon multiple physicochemical as well as environmental factors (Hardman, 2006) . Nowadays human exposure to QDs through the direct administration for therapy or diagnostic purposes has not yet been exploited. Human exposure so far is mostly undesired, i.e. environmental or occupational even if biomedical applications are foreseen. Thus the only route of exposure of toxicological interest is presently through dermal contact, ingestion and inhalation (Hardman, 2006) . The mechanism(s) potentially involved in cell death are not well understood. Cell toxicity is probably due to the presence of free Cd 2+ ions from core degradation. However some adverse interactions of QDs with intracellular components leading to loss of cell function (Hardman, 2006 ; 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 Some studies on ZnO nanowires suggested that the toxicity of such nanoparticles is due to the release of Zn 2+ ions which exert a toxic effect (Muller et al., 2010) ; similarly the Zn 2+ released in solution from the shell may play a role in the QDs toxicity.
Some studies suggested that secondary coatings in addition to ZnS may better prevent Cd 2+ leakage from the core (Derfus et al., 2004) than the simple ZnS one. However the stability of the capping materials may decrease under oxidative and photolytic conditions exposing the potentially toxic shell material and core metal components (Derfus et al., 2004) . On the other hand, some Authors have proposed that toxicity is mainly dependent on the capping material (Derfus et al., 2004; Hoshino et al., 2007; Clift et al., 2010) . Among the different coatings, PEG-capped QDs appear to be the less toxic (Zhang et al., 2006; Ryman-Rasmussen et al., 2007) , even if there is not complete agreement on this issue. An early comprehensive review of QDs cytoxicity on non neuronal cells can be found in Lewinski et al., 2008 .
A chemical parameter that may play a crucial role in the stability of QDs coating is the pH of the environment to which the nanoparticles are exposed. The available studies suggest that QDs are stable materials when used in their intended applications at near-neutral pH, but various types of QDs under acidic (pH 4) or alkaline (pH 10) conditions rapidly release cadmium and selenide ions following QD destabilization upon loss of the organic coating (Mahendra et al., 2008) . The importance of monitoring the behaviour of QDs at different pH resides in the wide biodistribution of these nanoparticles in the whole body (in vivo tests) or in the different cellular subcompartments such as lysosomes, endosomes and cytosol.
In this light the aim of this work was to investigate the stability of the coatings of QDs in biosimulated fluids paradigmatic of what these nanoparticles may be in contact with when they reach tissues and cells. The neutral extracellular/cytosolic environment and the acidic environment of subcellular structures such as endosomes and lysosomes -the vesicles involved in the processes of endo-and phagocitosis -have been considered. The incorporation and subcellular localisation of these QDs in a neuronal cell model, the GT1-7 cell line, employed by our group in several studies (see e.g. Ariano et al., 2011) , provided evidence for an albeit partial localisation in lysosomes, which is in agreement with the observed limited functional effects.
Since pharmacokinetic studies evidenced that carboxyl-QDs were detected in significantly higher amounts than amine-or PEG-QDs in heart, lung, liver, spleen, skeletal muscle, thoracic aorta, and 
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The choice of a neuronal model is of particular relevance, since high neurotoxicity of QDs both in vivo (Tang et al., 2009 ) and in vitro has been reported, even if the most severe effects are related to bare CdSe nanoparticles (Tang et al., 2008a (Tang et al., , 2008b . Qdots are shipped at the concentration of 8 M in a borate buffered solution (50 mM, pH 9). The dimensions of the studied QDs are about the size of a large macromolecule or protein as declared by Invitrogen.
Materials and Methods

QDs samples
Biosimulated fluids
Neutral cellular simulant fluid (NCSF)
The neutral cellular simulant fluid without proteins (NCSF, pH 7.6) is derived from Gamble's solution (Scholze and Conradt, 1987) , slightly modified. The chemical composition of the solution is reported in Table 1 . The pH was adjusted to 7.6 by bubbling CO 2 in the solution.
Acidic cellular simulant fluid (ACSF)
A 0.02 M potassium hydrogen phthalate (KHP)-buffered ACSF was derived from phagolysosomal simulant fluid (Stefaniak et al., 2005) , slightly modified. The chemical composition of ACSF (pH 4.6) is reported in table 2.
In both NCSF and ACSF ultrapure MilliQ (Millipore, Billerica, MA, USA) water was used to prepare the buffer and sodium azide (0.1%) was added in order to prevent the growth of algae or bacteria. 
Ion release in biosimulated fluids
The release of ions was studied under static leaching conditions in the biosimulated fluids. The QDs were suspended in either NCSF or ACSF (QDs final concentration: 4 nM). In order to assess the stability of the polymer capped ZnS/CdSe QDs in conditions which possibly decrease the capping effectiveness in preventing ion release, some suspensions of QDs in NCSF and ACSF were sonicated for 5 minutes with a probe sonicator (33 W, 20 Hz, Bandelin, Berlin, Germany) in an icebath and UV irradiated for 30 minutes (500 W mercury/xenon lamp, Oriel instruments, equipped with a IR water filter to avoid overheating of the suspensions). After an incubation of 72 h at 37°C
in the dark, the suspensions were filtered on a cellulose acetate filter membrane (cutoff 3 kDa) and the amount of cadmium and zinc in the supernatant was measured by means of ICP-AES technique.
All the experiments were carried out at least twice.
Inductively coupled plasma atomic emission spectrometry
Inductively coupled plasma atomic emission spectrometry ICP-AES analyses of cadmium and zinc were performed with an IRIS II Advantage/1000 Radial Plasma Spectrometer by Thermo-Jarrel Ash
Corp. The optical system is sealed with inert gas, with no moving parts, high resolution (ER/S) capable. The Echelle grating & Dispersion prism monochromator range extends between 165 and 800 nm, with an optical resolution of 0.007 nm (at 200 nm). The photo device is a Charge Injection
Device Camera frozen to -50 ºC. Three independent experiments (each in duplicate) were performed.
Cell cultures and Quantum Dots incorporation
A second set of experiments was performed to check if QDs incorporated into the cells following a 24 h or a 48 h incubation were still present intracellularly at 72 h or they were extruded by exocytotic mechanisms. Culture conditions, QDs concentrations, cellular staining and image acquisition were the same as above. Two independent experiments (each in duplicate) were performed.
Cytotoxicity tests
For survival and proliferation assays GT1-7 cells were seeded on uncoated plastic dishes (Falcon, Becton Dickinson, Franklin Lakes, NJ, USA), at a density of 30.000 cells/cm 2 and maintained in Dulbecco's Modified Eagle's medium (DMEM, Sigma) supplemented with either 10% or 0.5% FBS, 50 μg/ml gentamycin and 2 mM glutamine, at 37 °C, in a humidified atmosphere of 5% CO 2 in air. 10% FBS is the standard culture condition used in order to obtain exponential growth; 0.5% FBS is the concentration that allows survival with reduced proliferation.
Cells were incubated, 24 h after seeding, with either QDs 525 or QDs 585. Cytotoxicity was evaluated by counting cells with a Burker chamber at 24 and 72 h after incubation with QDs and in control conditions (no QDs added to the medium). Each experiment was made in duplicate; three independent experiments were performed for each individual treatment.
Lysosomal incorporation
To visualize localization of QDs in lysosomal compartments, GT1-7 cells were stained with the 
Statistical analysis
Where appropriate, data are expressed as mean ± standard error of the mean (SEM). Statistical analysis in citotoxicity experiments was performed by comparing, at each time point, the different treatments with control groups by means of the ANOVA model and related post hoc tests (with   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 Bonferroni correction). The software employed for the analysis was SPSS version 14.0 for Windows (SPSS Inc., Chicago, USA).
Results
Non-functionalized QDs can be stably incorporated into neuronal cells
In order to assess the capability of the neuronal cells to incorporate coated but non functionalized QDs, GT1-7 cells were incubated with the QDs, marked with beta-tubulin and then analyzed by means of confocal microscopy.
In Fig. 1 (panels A1-3 A further series of experiments was aimed at evaluating whether the QDs incorporated within the GT1-7 cells following a 24 or 48 h incubation were stably retained or subject to exocytotic externalization.
In cells incubated for either 24 or 48 h with QDs 585, the presence of the nanoparticles could be detected after 72 h in culture, thus providing evidence for a stable incorporation. several red spots can be observed inside the cells. suggests that degradation of the polymeric capping and dissolution of both inorganic components are likely to take place when QDs are accumulated in an acidic compartment such as lysosomes.
GT1-7 survival and proliferation in the presence of QDs
Having shown that QDs are incorporated albeit to a limited extent in lysosomal compartments where the acidic milieu can induce release of toxic metal ions, we evaluated the effects of incubation with Qdots on GT1-7 viability and proliferative rate. This cell line, while expressing all the basic properties of differentiated cells and of electrically excitable neurons, can also be induced to proliferate in the presence of serum.
To this purpose, cells were incubated for 24, 48 and 72 h with QDs 525 and QDs 585, in the presence of 10% FBS, and their number evaluated at the end of the incubation periods (Fig 4A) cells/cm 2 ). These data can be interpreted as evidence for a lack of gross cytotoxic effects in the presence of a specific reduction of the proliferative rate of these cells.
A further control was made by repeating the protocol in the presence of 0.5% serum, to check the effects on more differentiated, non proliferating cells. In Fig. 4B Finally, after incubation up to 72 h with either QDs 525 or QDs 585 no gross morphological changes could be observed. Fig. 4C shows images representative of three experiments.
Discussion
The data obtained in this study provide the first detailed analysis of the incorporation of QDs in neuronal cells, their subcellular localization and toxicity. Neurotoxicity of QDs is a poorly studied issue todate, despite the fact that nanoparticles including QDs can be incorporated through different entry points (mainly the skin and the respiratory tract) and subsequently pass the blood-brain barrier (Simkó and Mattsson, 2010) . While the translocation rate is likely to be relatively low, no data are available at present for chronic exposures (Simkó and Mattsson, 2010) . It is noteworthy that the only available in vivo data point to an impairment of synaptic transmission in rat hippocampal neurons, whose activity and plasticity are related to learning and memory (Tang, et al., 2009 ).
The cellular tests evidenced the stable internalization of both QDs 525 and QDs 585 into cytosolic and lysosomal compartments.
In preliminary experiments, we tested incorporation with different concentrations of QDs, without observing relevant differences (data not shown). The dose used in the experiments reported in this paper was chosen as it corresponds the low side of doses used for in vivo and in vitro cytotoxicity tests (see e.g. Hauck et al., 2010; Kuo et al., 2011) .
We did not investigate in detail the mechanism of incorporation: however, for nanoparticles such as QDs, endocytosis is the best described pathway (Hild et al., 2008) . Interestingly, a recent paper   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 (Aaron et al., 2011) reports that endocytosis and lysosomal sorting increase with particle size.
While the extent of incorporation is rather limited, it must be kept in mind that neurons differ from other widely used cellular models such as macrophages (Clift et al., 2010) for a much lower endocytotic activity. Incorporation in other subcellular compartments was not investigated, since the aim of this work was to assess the role of acidic compartments in the potential release of ions by internalized QDs.
In the extracellular and cytosolic environments ion release following the degradation of the polymeric capping may be negligible due to the high stability of the polymeric and/or ZnS capping at neutral pH, as evidenced by the experiments of ion release in NCSF; on the other hand, similarly to what observed in the ACSF, we can expect that metal ions would be released following dissolution of the QDs internalized in the lysosomal vesicles that, in neurons as in other cell types, are characterized by an acidic environment (Overly et al., 1995) . The limited lysosomal incorporation of the QDs 525 ( Fig.2) can explain the lack of gross cytotoxic effect observed on these neuronal cells. Very limited impairment of cell survival could be observed, and only for QDs 525 at 72 h. Emission wavelengths of QDs increase with nanoparticle diameter, and several reports point to size-dependent toxic effects, smaller particles being more toxic (see e.g. Ariano et al., 2011) . On the other hand, both QDs induced a marked reduction of cell proliferation, thus pointing to a specific perturbation of the complex set of signals that control the progression into the cell cycle. Our data refer to times up to three days in culture; a different and more severe picture could emerge for longer exposures.
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Figure legends
Fig. 4
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